Two controversial issues recur in CRC literature, the effect of laterality (proximal vs distal CRC) 3-6 and the role of mucinous histology 7, 8 . The two issues partly overlap as mucinous CRC tend to occur more frequently in the proximal colon 7, 8 . A dichotomy between right-sided (proximal to the splenic flexure) and left-sided CRC (distal to the splenic flexure) is supported by embryological, epidemiological, clinical, pathological and molecular data 5 . Laterality has been reported as an independent prognostic and predictive factor in many studies [3] [4] [5] [6] [9] [10] [11] [12] , although few of them have relied on population-based data 4 . A different distribution in molecular subtypes likely underlies the variable behavior of proximal and distal CRC 13, 14 , nonetheless laterality is an effective clinical proxy. Mucinous adenocarcinomas (MACs) are tumors with >50% of extracellular mucin 15 and account for 4-15% of all CRCs with variable rates among geographical areas, higher in Western than in Asian countries 16 . MAC is a predictor of poor outcome [16] [17] [18] , but it is contentious whether histology exerts an independent effect or it is dependent on site, stage or genetic features such as MSI (microsatellity instability) 19, 20 . MSI-high MACs are usually low-stage tumors with good prognosis, but metastatic and recurrent MACs behave aggressively and are unresponsive to therapy 21 .
1
. Clinical behavior and prognosis of CRC depend mainly on tumor stage, grade, age, gender, molecular and pathological features 2 . Two controversial issues recur in CRC literature, the effect of laterality (proximal vs distal CRC) [3] [4] [5] [6] and the role of mucinous histology 7, 8 . The two issues partly overlap as mucinous CRC tend to occur more frequently in the proximal colon 7, 8 . A dichotomy between right-sided (proximal to the splenic flexure) and left-sided CRC (distal to the splenic flexure) is supported by embryological, epidemiological, clinical, pathological and molecular data 5 . Laterality has been reported as an independent prognostic and predictive factor in many studies [3] [4] [5] [6] [9] [10] [11] [12] , although few of them have relied on population-based data 4 . A different distribution in molecular subtypes likely underlies the variable behavior of proximal and distal CRC 13, 14 , nonetheless laterality is an effective clinical proxy. Mucinous adenocarcinomas (MACs) are tumors with >50% of extracellular mucin 15 and account for 4-15% of all CRCs with variable rates among geographical areas, higher in Western than in Asian countries 16 . MAC is a predictor of poor outcome [16] [17] [18] , but it is contentious whether histology exerts an independent effect or it is dependent on site, stage or genetic features such as MSI (microsatellity instability) 19, 20 . MSI-high MACs are usually low-stage tumors with good prognosis, but metastatic and recurrent MACs behave aggressively and are unresponsive to therapy 21 .
In the present study, we addressed these issues on a population-based series of 1358 CRC cases derived from the Tumor Registry of the Parma Province over the period [2004] [2005] [2006] [2007] [2008] [2009] . The study included pathological revision of all cases with an original diagnosis of MAC and the analysis of the effect of therapy on both primary and recurrent tumors.
Materials and Methods
The study base were all consecutive patients with a diagnosis of CRC recorded in the Parma Province The choice of the study period accounts for differences in treatment due to the introduction in 2004 of oxaliplatin and irinotecan in addition to fluorouracil both in the adjuvant and metastatic setting [22] [23] [24] . Moreover, since that date, antiangiogenetic or anti-Epidermal Growth Factor Receptor (EGFR) agents have entered the clinical practice often in combination with chemotherapy 25 . The accrual was stopped in 2009 to guarantee a minimum follow-up time of 5 years (median, 66 months, IQ range, 25-79 months).
Right-sided (proximal) CRCs were tumors located in the cecum, ascending, hepatic flexure and transverse colon; left-sided (distal) CRCs were distal to the splenic flexure. All histological slides of tumors with an original diagnosis of mucinous adenocarcinomas or of adenocarcinomas with a mucinous component were reviewed by an experienced pathologist to avoid misclassification based on the WHO 2010 criteria 15 . Signet-ring cell adenocarcinomas, neuroendocrine tumors, medullary and undifferentiated histotypes were excluded as well as tumors originating from the appendix and the rectum. Patients with second tumor histories were also excluded.
Clinical information was gathered from radiological exams, folders, hospital discharge forms, and general practitioner contacts. Collected data included sex, age of diagnosis, tumor side, post-diagnosis progression, metastasis sites, number of metastasis, adjuvant and/or metastatic treatments, and local therapies (surgery and/ or radiofrequency). Data on chemotherapy schedules were also obtained. The schedules of chemotherapy were composed by a combination of drugs including fluorouracil/capecitabine, oxaliplain, irinotecan, mitomycin, bevacizumab, cetuximab and panitumumab according to the setting of disease and enrollment in a clinical trial.
No evidence of disease was defined as absence of metastatic or persistent tumor. Multiple metastatic deposits in a single extra-colic site were considered a single metastasic site. The outcome of first-line chemotherapy was assessed by radiology according to RECIST 1.1 criteria (Response Evaluation Criteria in Solid Tumors) 26 . If relapse occurred within the first 4 months after diagnosis, the disease was included in de novo metastatic group. statistical analysis. Age was reported as median (interquartile range) due to non-normality and differences between two groups were tested by means of Mann-Whitney test. All other categorical variables were reported as absolute and relative frequency. Differences between categorical variables were assessed by chi-square or Fisher's exact test as appropriate. Survival analysis was calculated by Kaplan-Meier curves and the Log-rank test. Multivariate models of Cox's regression were used to test the overall significance of the prognostic factors, by using the variables and their product with log (time) one by one or all together to test the proportional hazard assumption. SAS 9.4 (SAS institute, Cary, NC, USA) and SPSS 23 (IBM, Amork, NY, USA) statistical softwares were used for the analysis. A p value = 0.05 was considered significant.
Propensity score matching was performed by using the FUZZY Python-based extension for SPSS (logistic regression model). The match tolerance was set at 0.02, which permitted a high number of valid cases (n = 1130), but eliminating the statistical differences due to the predictors (gender, age at diagnosis, mucinous histology and grade) between right-and left-sided colon cancer (selection variable/outcome).
Results
The original database included 1619 patients with a diagnosis of stage I to IV CRCs. After exclusion of patients lacking follow-up data (n = 83), stage (n = 70), grade (n = 99), and unknown site (n = 9), the final number of cases was 1358. Their main characteristics are summarized in Table 1 . Overall, 661 (49%) patients had right-sided and 697 (51%) had left-sided tumors. Non-mucinous histology (NMAC) was found in 1214 (89%) patients whereas 144 (11%) had a diagnosis of MAC after review. 30% of colon cancers originally recorded as mucinous did not meet the 2010 WHO criteria and were reclassified. www.nature.com/scientificreports www.nature.com/scientificreports/ Laterality was significantly related to stage, grade and histology at diagnosis (Table 2) . Compared with left-sided CRCs, patients with right-sided tumors had a lower prevalence of stage I (16% vs 26%, p < 0.001) and a higher prevalence of grade 3 (42% vs 28%, p < 0.001). Seventeen percent of the patients in both right-sided and left-sided groups had stage IV disease. Histology was related to tumor stage, grade and site. In fact, MACs were www.nature.com/scientificreports www.nature.com/scientificreports/ more frequent in the right than in the left colon (64% vs 36%; p < 0.001) and were diagnosed at a more advanced stage compared with NMACs (stage IV 23% vs 16%, p = 0.003). Especially in the left colon MACs were diagnosed at higher stages (stage I MAC 10% vs NMAC 27%; stage IV MAC 27% vs NMAC 16% p = 0.008, whereas NMACs were more advanced in the right than left colon (stage I 17% vs 27%; p < 0.001). Laterality was also related to the age at diagnosis with similar trends in MAC and NMAC [ Multivariate model, all patients. All variables with a correlation coefficient >0.5 with stage or grade were dropped from the final model that included gender, age, stage, grade, laterality, and mucinous histology. The results of the multivariate analysis are reported in Table 3 ; the proportional Hazard assumption was not violated (data not shown). Male sex, right side and stage maintained an independent effect on OS. Mucinous histology was not an independent prognostic factor, indicating that its effect likely depends on proximal location and higher grade and stage at diagnosis.
The effect of stage on tumor side was further tested by propensity score matching. The analysis showed that the effect of side on prognosis was mainly restricted to advanced stage tumors. More specifically, the prognosis of stage I and II right-and left- Multivariate models, patients who relapsed and who received first-line chemotherapy. Overall, 187 patients relapsed at a mean time after diagnosis of 16.4 (9.2-27.4) months. There were no differences in the relapse rate and the number of metastatic sites according to laterality and histology (Table 4) . By univariate survival analysis, both mucinous histology (median OS 7.1 vs 13.1 months, p = 0.054; Fig. 2A ) and right side (median OS 11.2 vs 19.4 months, p = 0.003; Fig. 2B ) were significantly associated with OS. The effect on OS was then calculated www.nature.com/scientificreports www.nature.com/scientificreports/ on a multivariable model that included sex, age, laterality, mucinous histology, number of metastatic sites, administration of chemotherapy, adding a time-dependent covariate accounting for the non-parallel hazard of this last variable (Table 5) . Age, laterality, number of metastatic sites and chemotherapy were found to be independent prognostic factors for OS. Mucinous histology was close to the significance (p = 0.059), however, the number of MACs was too limited (Table 1) to draw definitive conclusions.
Finally, a subgroup of 197 out of 203 metastatic patients treated with first-line chemotherapy was analyzed (n = 6 were excluded as they had no valid data). Eighty-four patients (42.6%) had right-sided and 113 (57.4%) left-sided tumors; the median follow-up from relapse was 18.2 months. By univariate survival analysis (Table 6) , female gender (p = 0.035, data not shown), right side (median survival 14.4 vs 24.0 months, p = 0.005; Fig. 3A) , more than 1 metastatic site (median 15.0 vs 22.8 months, p = 0.001; Fig. 3B ) and grade 3 (p = 0.028, data not shown) correlated with worse OS. Conversely, mucinous histology was not a significant prognostic factor. Age was only near significance (p = 0.075), but was maintained in the multivariate model. All five variables had a statistically significant independent effect by multivariate analysis (Table 6 ).
Discussion
The main results of the present study are that right side location is an independent prognostic factor in advanced CRC; this effect is mainly attributable to tumors with non-mucinous histology. Conversely, mucinous CRCs have a poor prognosis when relapsing regardless of the primary tumor-side. These data are consistent with the growing evidence from previous metanalysis 3 and retrospective studies in more selected clinical settings 6, [10] [11] [12] , and provide new evidence on the role of laterality and mucinous histology in patients with progressive disease.
The prognostic significance of right-sided CRC was recently reported by Yang et al. 4 on a very large US cohort of nearly 58.000 patients from the Surveillance, Epidemiology, and End Results (SEER) database diagnosed from 2000 to 2012. More specifically, proximal location affected negatively the outcome in advanced stage of disease and in patients ≤70 years, and it was predictive of chemoresistance. Laterality was not related to age in our cohort, however, it was presented as a continuous variable and not categorically based on a 70 years cut-off 4 . The limited number of subjects limits any further assumption.
Our survival data were modeled by a multivariable analysis that accounted for acknowledged unfavorable prognostic factors and confirmed a higher risk of death for right-sided CRC patients limited to the subgroup with NMACs. Whether improvements in the genetic classification of CRCs will surpass the gross distinction between www.nature.com/scientificreports www.nature.com/scientificreports/ right and left-sided cancers is unknown 13, 14 . So far, these categories that can be easily applied in any setting have resisted the challenge of molecular stratification.
Laterality has also shown a significant effect on response to treatment 4 . Left colon tumors treated with cetuximab in KRAS wild-type disease or bevacizumab experience prolonged PFS and a higher response rate than proximal colon cancers 12, [27] [28] [29] . Furthermore, at least in the metastatic setting, the effect of tumor site on survival seems to be independent of RAS 10 and BRAF status 6, 11 . Indeed, molecular subtypes of CRCs are differentially distributed between proximal and distal sites (reviewed elsewhere) 30, 31 , but there are not genetic changes specific of either location rather a gradient of frequency. Consistent with previous reports [9] [10] [11] [12] 27, 28 , our data confirmed a worse clinical outcome for right-sided CRC patients treated with chemotherapy. Although, the number of metastatic sites was independently associated with survival and tumor stage distributions at diagnosis were different between right and left sides, we did not observe any difference in relapse rates or number of metastatic sites between right and left-sided tumors, further reinforcing the hypothesis that survival differences are more related to biological differences than to tumor burden. This has also been reported by Venook et al. 29 , who showed that laterality is independently prognostic when adjusted for metastatic sites. Unfortunately, in the present study from cancer registry-based population recorded between 2004 and 2009, mutational analysis of RAS and BRAF genes were performed only in a minority of cases insufficient for statistical analysis.
Several studies including a recent metanalysis have identified mucinous histology as a poor prognostic factor irrespective of stage at diagnosis 7, 8, [16] [17] [18] and a predictor of poor response to chemotherapy 32, 33 . In the study by Yang et al. 4 , mucinous histology correlated negatively with survival in left-sided CRCs and positively in right-sided tumors. This may reflect differences of molecular subtypes between proximal and distal MACs 20 . Thus, hypermutated tumors with MSI prevail in the right colon and have a better outcome than microsatellite-stable, BRAF-mutated left-sided MACs 30, [34] [35] [36] . In our analysis, MACs prognosis was not affected by tumor side. However, upon recurrence, MACs showed a poorer prognosis than NMACs despite chemotherapy was given in the same percentage in both groups. Likewise, BRAF mutation and MSI do not predict tumor recurrence in early stage CRC, while they both are negative prognostic factors in advanced disease [36] [37] [38] . Indeed, mucinous histology is a crude surrogate for underlying genetic changes as it is based on an arbitrary threshold of 50% extracellular mucin that is poorly reproducible as shown by the reclassification of 30% of original diagnoses in the present series. Also, signet-ring component, a variant of MAC with dismal prognosis, is not always reported and this might affect the comparison between different series. Furthermore, similar frequency of www.nature.com/scientificreports www.nature.com/scientificreports/ MSI, RAS and BRAF mutations have been reported in MACs and adenocarcinomas with a mucinous component (<50%) challenging current definition 15 . The strong points of the present study are its population-based design, the limited period of accrual (2004) (2005) (2006) (2007) (2008) (2009) , the adequate length of observation (median, 66 months, IQ range, 25-79 months) and its mono-institutional setting. However, we were not able to model disease-specific survival and disease-free survival. Furthermore, compared with studies performed at tertiary referral centers or clinical trials, the present study is limited by less accurate follow-up data, lack of molecular analysis, and more variable treatments. Nevertheless, the median survival of our patients treated with first-line chemotherapy was in line with previous data 2 , further reinforcing our results. In conclusion, colon cancer laterality and mucinous histology are working categories that maintain a clinical relevance especially in the context of palliative treatments of advanced disease. They may be useful to stratify patients in clinical trials and can be exploited as useful indicators for molecular typing. Their field of action, however, is likely to progressively reduce as they give way to more detailed genetic pathological classifications.
